ABSTRACT We report herein measurements on a novel type of supported lipid films, which we call painted supported membranes (PSM). These membranes are formed in a self-assembly process on alkylated gold films from an organic solution. The formation process was investigated with surface plasmon resonance microscopy. The optical and electrical properties of the films were determined for various types of lipids and as a function of temperature by means of cyclic voltammetry and potential relaxation after charge injection. We could show that these films exhibit an extraordinarily high specific resistivity which, depending on the lipid, may be as high as 109 ohm/cm2.
INTRODUCTION
Freestanding bimolecular lipid films are widely used model systems for cell membranes. A rich body ofliterature exists, where such membranes have been used to measure the electrical properties mainly of ion channels and carriers or of ATP-ases which were either incorporated into the films or which were imbedded in associated membrane fragments or partially fused vesicles (1) (2) (3) . One variant ofthese free standing films, the BLM (4) is widely used because of its ease to form and its comparably large size of up to several square millimeters. Their major drawback, however, is their lack in mechanical stability. The surface tension between film and water which is on the order of 30-40 mN/im tries to minimize the area of the film and thus tends to rip open holes which might be caused by fluctuations or mechanical disturbances. The rim tension of such a hole tends to minimize the amount of exposed hydrocarbon area to water and tries conversely to close the hole again. The first term depends quadratically on the radius r ofa hole, whereas the second term depends linearly on the diameter ofthe hole. In a zero order approximation the energy will therefore be of the form:
brane. Here the hydrocarbon chains of the membrane are chemically bound to a solid support on one side of the film (see Fig. 2 ). Large lateral density fluctuations of the covering lipid film will, in this case, expose hydrophobic surfaces ofthe bound chains to water. The resulting energy will be of the form: EPSM = 2R + VR2-R2, (2) and will therefore monotonically increase with the pore size, resulting in an improved stability of the membrane (see Fig 1) . The second term in Eq. 2 is the additional energy due to the exposure ofthe hydrophobic surface. v is the ratio of the surface free energies of the water/hydrocarbon interface and the lipid/water interface, which is on the order of 2.
An additional advantage of this concept, to paint the membrane onto a solid support, arises from the possibility to employ surface sensitive techniques, which have been developed in recent years in a broad variety, for the investigations of and with such films. These aspects will be exploited in the following experiments. EBLM = 2R -R2, (1) where R = r/r. is the radius normalized on the maximum stable pore radius, which is determined by the rim tension and the surface tension as follows: r, = r Elipid/,
With literature values (5) for r1', = 4.2. 10-2 J/nm and Elipid/,,er = 40 mJ/m2, the maximum radius is on the order of 1 nm. The energy is normalized on the maximum energy at r,: EBLM = E(R)I wr * r. /E,jpjd/,t,t. This dependence ofthe energy on the radius of the pore is depicted in Fig. 1 . It shows that the membrane is stable only up to a certain pore size and will rupture above this maximum value.
In order to overcome this instability we have designed a new type of membrane: a painted supported mem-* To whom correspondence should be addressed.
MATERIALS AND METHODS

Chemicals
Ethanol absolute p.a. (Riedel-de Haen AG, Seelze, Germany), Hexadecylmercaptane (HDM) technical grad 92% (Aldrich-Chemie GmbH, Steinheim, Germany), Dimethyl-dichlorosilane (>99.5%) (Fluka AG, Neu-Ulm, Germany), decane (oelifine free >99%) (Fluka AG) sodium chloride p.a. (E. Merck, Darmstadt, Germany). Potassium chloride p.a. (Sigma GmbH, Deisenhofen, Germany), potassium-hexacyanoferrate (II) p.a. (Fluka AG), hellmanex (Hellma GmbH&Co, Milllheim, FRG), L-a-Dilauroyl phosphatidylcholine (DLPC) (synthetic:~-99%) (Sigma Chemie GmbH), L-a-Dimyristoyl phosphatidylcholine (DMPC) (synthetic: -99%) (Sigma Chemie GmbH), L-a-Dipalmatoyl phosphatidylcholine (DPPC) (synthetic: -99%) (Sigma Chemie GmbH), L-a-Dioleoyl phosphatidylcholine (DOPC) (synthetic:~-99%) (Sigma Chemie GmbH) and l-palmitoyl-2(6-((7-nitro-2-1 ,3-benzoxadiazol-4-yl)amino)caproyl)-posphatidylcholin (Avanti Polar Lipids, Birmingham, AL) were used without further purification. image processing FIGURE 3 Schematics of the surface plasmon microscopy set-up used in this study.
radius/rmax FIGURE I First order stability analysis of a hole with radius r in a free standing lipid membrane and in a painted supported membrane.
Preparation of the samples
All substrates, prisms (Spindler and Hoyer, Gottingen, Germany, SF10, n = 1.7343, 30 x 30 mm) and quartz slides (Heraus Quarzschmelze, Hanau, Germany), were cleaned as follows: (a) 15 min ultrasonicated in 2% Hellmanex solution; (b) washed with pure water (Milli Pore-quality); (c) 15 Surface plasmon spectroscopy and microscopy
The principle ofthe experimental set-up ofthe surface plasmon microscope (SPM) used in our studies is depicted in Fig. 3 (9) . Already a monomolecular lipid film results in a drastic change of the dispersion relation and thus of the resonance conditions ofthe surface plasmon. As has been shown by several authors, this resonance and its shift may be detected by measuring the reflectance of the metal film with monochromatic light as a function of the incidence angle (7, 10) . The differences in the angular reflectance can also be used as contrast mechanism in microscopy (7)). For microscopy the sample is illuminated at a given angle and the local reflectivity is then converted into a thickness using model calculations based on the Fresnel equations. Fig.  3 shows the experimental set-up used in this study.
The formation of a PSM as seen with the surface plasmon microscope is depicted in Fig. 4 . As support for the PSM a 500 A thick, alkylated gold film on a high index glass prism was used with a small diaphragm and a sample compartment glued on top of the prism. The mV was applied between the gold film and a gold electrode in the electrolyte solution.
The incidence angle of the illumination in the surface plasmon microscope was chosen such that the resonance of the surface plasmon is at its maximum when the gold surface is covered by a film of refractive index n = 1.48 and 25 A thickness, which are typical values for the lipid. So it was expected that wherever the film thinned to a monomolecular coverage, it would appear dark in the surface plasmon microscope. Fig. 4 shows the thinning sequence of a lipid solvent droplet in the diaphragm. The ( 11) .
In order to determine the electrical conductivity ofthe films, we started with a simplified symmetrical system. We used two ofthe above described PSM's which shared the same electrolyte solution but had separate gold electrodes. This symmetrical setup allowed us to measure conductivity and capacitance independently from the effects of the counter electrode. Fig. 5 shows the electrical circuit used for this approach. The membranes were charged via an external resistor, which was chosen to be on the order ofthe internal resistance ofthe membranes. The voltage across the membranes was measured with an electrometer, whose input resistance was higher than 1015 Ohm and thus negligible. As Fig. 5 shows, the voltage across the membranes increased slowly to a final value of 0.95 U0. An exponential fit to the voltage increase (not shown) exhibited in most cases a very good agreement to a single exponential function with a chara-,teristic relaxation time of T = 35 s. At higher voltages (above 500 mV) however, nonlinear effects were observed. At low voltages the charge-up time is determined only by the capacitance of the membrane and the external resistor. With an external resistor of R = 1 GO, the capacitance turned out to be C = 3.5 * 10-8 F/cm2. This value which was determined in a quasi-static experiment fits well with the capacitance measured at higher frequencies. There is a tendency, however, that the capacitance measured at high frequencies appears to be slightly lower. With a known external resistor, the internal membrane resistance may be directly derived from the ratio of the end-value of the potential across the membranes: Ri = ( U/lAU -I ) * Re = 9 * 109 Ohm. This value converts with the known area to a specific conductivity of 1.6 -10-9 S/cm2. When in the next step the external voltage source is disconnected, the charge difference across the membranes has to equilibrate via the internal resistance ofthe PSM. The decay constant is thus determined by the trans-membrane conductivity and the capacity. Again, the measured decay process turned out to be a single exponential function with a characteristic time constant of 1,300 s. With the known capacitance the trans-membrane specific conductivity is 3.8. 1010 S/ cm2, which is even somewhat lower than the previously determined value. What counts here is the order of magnitude rather than the value itself. With these extremely low currents, already minor current leaks become significant error sources. It should also be noted here that the gold electrodes themselves have a significant resistivity towards the electrolyte solution. But this value is more than three orders of magnitude lower and may therefore be neglected in our considerations.
It is important to point out here, that this decay time has a very general meaning: it determines the practical applicability of such membranes. This relaxation time represents the time span over which charges may be stored across the membrane during an experiment, for example, by adsorbed electro-active entities like the ones used in the subsequent paper.
Conducting mechanism of the PSM
The above experiments show clearly that the lipid film has a drastic effect on the measured conductivity of the system. These measurements leave unclear, however, what the conduction mechanism through the membrane is. We have therefore employed cyclic voltammetry and measured the electrochemical turnover of certain redox species at our membrane coated electrodes. In the experimental setup the potential across the membrane was ( 12) . The curve obtained under the same conditions from a gold film covered with HDM (trace B) is clearly different. It shows a pronounced hysteresis (which is due to the high capacitance) and most important shows a drastically reduced oxide removal peak. In many cases, the weak peak was not detectable any more. If one discusses the conduction mechanism across this organic film in terms ofpinholes, then one can roughly estimate the fractional pinhole area in the HDM film from the areas under the oxide removal peaks (13, 14) . With a peak-area ratio of 1.2. 10-9 AV/6.1* 10-6 AV, the fraction of the surface of the pinholes would in this model be 0.0002. Because of the high offset current, this value should be seen as an upper limit.
In order to increase the sensitivity of our measurements we switched to a system with a high transfer rate. As can be seen in Fig. 7 a, the presence ofthe HDM layer does not completely suppress the redox cycle of the K4FeCN6. The current for this ion under the given conditions is only limited by the diffusion to the electrode and not by the electron transfer itself ( 15 ) . As was found by Sabatini ( 14) , the peak current for this ion reduces by less than 30% when the active surface area is reduced to as little as 0.0055. In our measurements we found a reduction of the current by more than two orders of magnitude by the HDM film (see Fig. 7 a, trace A and B) . This means that in our measurements the free area must be extremely small. For a detailed discussion ofthe conduction mechanism in HDM film see also reference 16.
When covered with an additional lipid film, however, the redox currents are effectively suppressed. The formation of a PSM was confirmed by capacitance measurements. The remaining currents are rather insensitive to the presence ofthe redox species itself, as is shown in Fig.  7 b. This again indicates that the conduction through pinholes is negligable and other mechanism must be considered. From the slope of these cyclic voltammograms in the flat region between -300 mV and +300 mV, the conductivity ofthe PSM can again be calculated. It turns out to be 1.8. 10-9 S/cm2.
In summary: the cyclic voltammetry measurements confirmed that these membranes are excellent electrical insulators. However, due to the extremely low currents, which are measured against the large capacitance of the membrane, it is extremely difficult to identify the charge a _. AtF/cm2 (data not shown). The bare HDM layer exhibits a specific capacitance of l,gF/cm2. Assuming a simple capacitor as a model, this capacitance corresponds to a thickness of 18.6 A. Here the dielectric constant was taken to be e = 2.1. This value compares nicely with the expected thickness of the film with the chains tilted by 300 (6) . With the various lipid films on top the capacitances are reduced significantly as listed in Table 1 . The corresponding electrical thicknesses show a significant increase, which is correlated with the chain length. These values may be compared with the values determined by surface plasmon microscopy and spectroscopy. The data clearly show that the electrical thickness appears always to be smaller than the optical thickness ofthe PSM. This might be due to the penetration of ions into the head region ofthe lipid moiety with the result that the electric field "sees" not the whole length of the lipid molecule but rather only the hydrocarbon chain region. With this assumption the measured values would agree decently with the expected values. The accuracy ofthe thicknesses determined optically obviously depends sensitively on the homogeneity of the film. As the surface plasmons integrate over a distance of 10 micrometer, microlenses smaller than this will contribute to the average thickness of the film. This might explain the much too large thickness measured by surface plasmon spectroscopy on DOPC films, which are known to retain a large amount of solvent in lenses (see Fig. 4) . A quantitative analysis ofthe SPM images, where only the dark areas of films were taken into account, resulted in a more realistic value of the thickness (see Table 1 ).
Also listed in Table 1 are the specific conductivities of the various films. When listed with increasing chain length no pattern of conductivities is obvious. When listed with increasing chain melting temperature however, it becomes apparent that the films made from lipids, which in fully hydrated conditions are fluid at room temperature, show the lowest conductivity. This may easily be understood taking into account the high defect density in crystalline Langmuir-Blodgett films. On the other hand, the conductivities ofPSMs made form lipids which in the crystalline state are still by one to two orders lower than the values which are reported from crystalline Langmuir-Blodgett films ( 18 ) . This might be due to the fact that there is still enough organic solvent in the membranes which is partly trapped in the defects sealing them up. It should also be noted here that the different lipids exhibit quite drastic differences in the process of film formation from the organic solvent. The tendencies here are that films from lipids, which in fully hydrated conditions are in the crystalline state, form within seconds and contain less solvent. Films from lipids, which are fluid at room temperature, take up to several minutes to form and as judged by surface plasmon microscopy, contain solvent lenses.
In order to further assess the effects of the liquid crystalline state on the properties of the PSM, we investigated PSMs from DPPC as a function of the temperature. In Fig. 8 the specific capacitance and in Fig. 9 the specific conductance of DPPC is plotted as a function of temperature. Plotted in these figures is also the effect of the temperature change on the HDM layer itself. As Fig.  8 shows, temperature does not effect the capacitance of the HDM layer. It stays constant within the experimental error. The conductivity however increases exponentially with temperature indicating a thermally excited process. The capacitance as well as the conductivity of the PSM, show a strong temperature dependence and in contrast to the HDM layer, a pronounced and reproducible hysteresis. The massive change in the capacitance occurs between 35 and 45°C. This is several degrees lower than the main transition temperature ( 17) of the pure and fully hydrated DPPC in vesicles. In our PSMs we have a hydrophobic coupling to the lower HDM layer, and we have a non negligible amount of trapped solvent in the film. The latter effect will tend to lower and broaden the phase transition and it may also contribute to the very pronounced hysteresis, as during crystallization of the lipid a large portion of the solvent will be squeezed out in a two-dimensional phase segregation. Future measurements of the lateral mobility in these PSM's will help to clarify these questions. Preliminary FRAP experiments with PSM's made from DMPC at 25°C (data not shown here) gave a diffusion coefficient between 5 and 8 -10 -8 cm2/s. This value is again in good agreement with mobilities measured in fully hydrated membranes ( 19 
